Abstract. Fleas (Siphonaptera) are ubiquitous blood-sucking parasites that transmit a range of vector-borne pathogens. The present study examined rodents (n = 29) and domestic dogs (n = 7) living in the vicinity of the Volcanoes National Park, Rwanda, for fleas, identified flea species from these hosts, and detected Bartonella (Rhizobiales: Bartonellaceae) and Rickettsia (Rickettsiales: Rickettsiaceae) DNA. The most frequently encountered flea on rodents was Xenopsylla brasiliensis (Siphonaptera: Pulicidae). In addition, Ctenophthalmus (Ethioctenophthalmus) calceatus cabirus (Siphonaptera: Hystrichopsyllidae) and Ctenocephalides felis strongylus (Siphonaptera: Pulicidae) were determined using morphology and sequencing of the cytochrome c oxidase subunit I and cytochrome c oxidase subunit II genes (cox1 and cox2, respectively). Bartonella tribocorum DNA was detected in X. brasiliensis and Rickettsia asembonensis DNA (a Rickettsia felis-like organism) was detected in C. felis strongylus. The present work complements studies that clarify the distributions of flea-borne pathogens and potential role of fleas in disease transmission in sub-Saharan Africa. In the context of high-density housing in central sub-Saharan Africa, the detection of B. tribocorum and R. asembonensis highlights the need for surveillance in both rural and urban areas to identify likely reservoirs.
Introduction
Fleas (Siphonaptera) transmit vector-borne disease pathogens worldwide (Walker et al., 1996; Eisen & Gage, 2012) . Among mammalian hosts harbouring fleas, rodents play a dominant role as a result of their close associations with humans, especially in populous rural areas (Gundi et al., 2012) . With the exception of Yersinia pestis (Enterobacteriales: Enterobacteriaceae), the cause of plague, flea-borne pathogens, such as Bartonella spp. and Rickettsia spp., remain neglected in sub-Saharan Africa (Kumsa et al., 2014; Leulmi et al., 2014) . Plague is now absent from several sub-Saharan countries such as Rwanda; nevertheless, knowledge of the distribution of potential flea vectors of Y. pestis is relevant because of its potential re-emergence from endemic regions such as the Democratic Republic of Congo (Stenseth et al., 2008; Amatre et al., 2009) . Bartonella species are ubiquitous and are considered as emerging pathogens causing serious health consequences in both humans and animals (Breitschwerdt & Kordick, 2000; Breitschwerdt et al., 2010) . Currently, more than 20 Bartonella species have been identified and associated with mammalian hosts; most of these have zoonotic potential (Kosoy et al., 2018) , although this is as yet unproven. Flea-borne Rickettsia spp. represent a genus of zoonotic bacteria including Rickettsia typhi, the causative agent of murine typhus, a disease that has been reported as re-emerging, especially in travellers coming from endemic regions such as sub-Saharan Africa (Bitam et al., 2010) . More recently, Rickettsia felis, the biological vectors of which are arthropods such as the cat flea Ctenocephalides felis and potentially the mosquito Anopheles gambiae (Diptera: Culicidae), emerged as a potential cause of fever in sub-Saharan Africa (Mediannikov et al., 2013; Dieme et al., 2015; Brown & Macaluso, 2016) .
The aim of this study was to determine the flea species present in the vicinity of the Volcanoes National Park, Virunga Mountains, Rwanda, and their carriage of flea-borne pathogens, specifically Bartonella and Rickettsia. Rodents and dogs were screened for the presence of fleas, which were then identified to species level based on morphology and sequencing of the cytochrome c oxidase subunit I (COI) and cytochrome c oxidase subunit II (COII) genes (cox1 and cox2, respectively). The presence of DNA of Bartonella and Rickettsia spp. was confirmed using diagnostic multiplex real-time polymerase chain reactions (PCRs) targeting the ssrA and gltA genes, respectively.
Materials and methods

Flea specimens
Fleas were collected from wild rodents, including 28 black rats [Rattus rattus (Rodentia: Muridae)] and one striped grass mouse [Lemniscomys striatus (Rodentia: Muridae)], and owned dogs (n = 7) in Rwanda (Table S1 ). All rodents were trapped in the vicinity of Bisate (1.45003 ∘ S, 29.5278 ∘ E) at an altitude of ∼ 2500 m a.s.l. on the border of the Volcanoes National Park, Virunga Mountains. Adult dogs (n = 7) living in Musanze (Ruhengeri) (1.50474 ∘ S, 29.63591 ∘ E; 1845 m a.s.l.) were examined with their owners' permission. Rodents were given identification numbers and animals were examined for the presence of fleas using a flea comb and strokes along the entire body. Fleas collected from individual animals were stored in 96% molecular-grade ethanol and transported to the University of Sydney, where they were frozen at -20 ∘ C until processed. The capture of rodents was conducted as part of the PREDICT-2 Project of the Emerging Pandemic Threats Programme using standard operating procedures for rodent sampling and with the approval of the Government of Rwanda Agency for Wildlife Conservation, Rwanda Development Board for Tourism and Conservation Department.
Morphological identification of fleas
Fleas were identified to species level using a stereo microscope (5-20× objectives, BX41; Olympus Corp., Tokyo, Japan).
The number of fleas per animal was recorded, and flea species and gender were assigned with the aid of available keys and descriptions using mounted specimens under a stereomicroscope (Hopkins, 1947; Hopkins & Rothschild, 1953) .
Extraction of genomic DNA
Total flea genomic DNA was extracted using the Isolate II Genomic DNA Kit [BioLine (Aust) Pty Ltd, Eveleigh, NSW, Australia] and eluted in 100 L of elution buffer as previously described (Lawrence et al., 2014) . Voucher specimens were cleared in 10% potassium hydroxide (KOH) and dehydrated in a series of ethanol immersions before being mounted in Euparal (Australian Entomological Supplies Pty Ltd, Murwillumbah, NSW, Australia).
Amplification of mitochondrial encoded COI and COII
All fleas were selected for molecular identification targeting the COI gene (cox1). Selected fleas (n = 6) were further identified using the COII gene (cox2).
A 601-nt 5 ′ fragment of cox1 was amplified in a PCR using a generic invertebrate amplification forward primer (LCO1490) and a reverse primer (HCO2198) or a reverse primer for C. felis designed in a previous study [Cff-R (S0368)] (Folmer et al., 1994; Lawrence et al., 2014) . The primers MLepF1 (MF1) and MLepR1 (MH-MR1) were also utilized (Hajibabaei et al., 2006) . A 727-bp mtDNA fragment including the complete cox2 gene was amplified and directly sequenced using the primers F-Leu and R-Lys (Brinkerhoff et al., 2011) . The PCR amplification included MyTaq™ Red Mix [BioLine (Aust) Pty Ltd] as described previously (Lawrence et al., 2014) .
All PCR products were bidirectionally sequenced (Macrogen, Inc., Seoul, South Korea). DNA sequences were assembled using CLC Main Workbench 6.8.1 (CLC Bio, Qiagen Bioinformatics, Aarhus, Denmark). Phylogenetic analysis of Ctenocephalides spp. cox1 representatives obtained from GenBank was determined using mega Version 7.0 (Kumar et al., 2016) . All new sequences were deposited in GenBank (cox1: MH142413-MH142441; cox2: MH142442-MH142447).
Real-time PCR for simultaneous detection of Rickettsia and Bartonella spp.
To detect both Rickettsia and Bartonella species, a multiplex TaqMan ® probe real-time PCR assay targeting the Rickettsia citrate synthase (gltA) gene and Bartonella ssrA gene was utilized (Stenos et al., 2005; Diaz et al., 2012) . The multiplex assay was conducted as previously described using the CFX96 Touch™ Real-Time PCR Detection System (BioRad Laboratories Pty Ltd, Gladesville, NSW, Australia) and analysed using BioRad CFX Maestro (BioRad Laboratories Pty Ltd) (Šlapeta & Šlapeta, 2016) . Multiplex real-time PCRs (total volume: 20 L) were run in duplicate, with 4 L of template DNA, with the SensiFAST™ Probe No-ROX Kit [BioLine (Aust) Pty Ltd] and appropriate negative and positive controls (Šlapeta & Šlapeta, 2016) . Results were determined as positive if both repeats yielded satisfactory cycle threshold (Ct) values (< 38). Suspect positive results were determined if one or more repeats yielded Ct values of ≥ 38 and negative results were determined if neither repeat crossed the threshold (Ct > 40). Any samples with a Ct value of > 40 for Bartonella were sent to Macrogen, Inc. for bidirectional sequencing using amplification primers. For Rickettsia speciation, positive samples were subjected to conventional nested PCRs targeting the outer membrane protein A gene (ompA) and citrate synthase gene (gltA) (Stenos et al., 2005) . MyTaq™ Red Mix and 4 L of template DNA were used for the 30-L nested PCR as previously described (Hii et al., 2015; Šlapeta & Šlapeta, 2016) . Briefly, a fragment (654-nt) of gltA was amplified using the outer primer pair gltA-F1 (S0659)/gltA-R1 (S0660) followed by the nested primer pair gltA-F2 (S0661)/gltA-R2 (S0662). A fragment (879-nt) of ompA was amplified using the outer primer pair omp-A-F1 (S0663)/omp-A-R1 (S0664) followed by the nested primer pair ompA-F2 (S0665)/ompA-R2 (S0666). The PCR amplicons were sent to Macrogen, Inc. for bidirectional sequencing using amplification primers. New sequences were deposited in GenBank (ssrA: MH142454; gltA: MH142449, MH142451, MH142453; ompA: MH142448, MH142450, MH142452). DNA sequences assembled in CLC Main Workbench 6.9.1 (CLC Bio, Qiagen Bioinformatics) were aligned using reference ssrA Bartonella sequences and gltA and ompA Rickettsia sequences available from GenBank.
Results
Of the 29 rodents trapped, 28 were black rats (R. rattus) and one was a striped grass mouse (L. striatus). All rodents were trapped in the immediate vicinity of or inside human dwellings in the village of Bisate, near the Volcanoes National Park, Rwanda (Table S1 ). Fourteen (50.0%) of the black rats were infested with fleas; 24 fleas (1-4 per animal) were collected in total. Seven adult pet dogs from Musanze were also examined for the presence of fleas; three dogs had flea dirt, including one flea-infested dog suffering from pruritus and signs of flea allergy dermatitis, and six fleas were collected (Table S1) .
Using morphological characteristics, all 24 fleas collected on black rats were identified as Xenopsylla brasiliensis (Baker, 1904) (Fig. 1) . Amplification and DNA sequencing of cox1 (n = 24, 659-nt) revealed two distinct haplotypes, cox1-h1 (n = 23) and cox1-h2 (n = 1). The cox1 haplotypes differed from one another by a single nucleotide, which did not change the amino acid glycine: GGA (h1) > GGG (h2). Amplification and DNA sequencing of the mDNA locus with cox2 (n = 5, 726-nt) revealed single haplotypes (cox2-h1). The cox2-h1 haplotype was identical for both cox1-h1 and cox1-h2. Comparison of cox2 with published X. brasiliensis cox2 sequences (KJ638531, KJ638556); obtained from fleas from black rats from Réunion Island) revealed 99.7% (607/609-nt) sequence identity. Phylogenetic analysis at cox1 and cox2 revealed a monophyletic relationship with Xenopsylla robertsi (Fig. 2) .
The fleas collected from domestic dogs were morphologically identified as the African cat flea, Ctenocephalides felis strongylus (Jordan, 1925) . Amplification and DNA sequencing of cox1 (601-nt) and cox2 (727-nt) loci confirmed similarity with C. felis sequences; nevertheless, sequences were distinct (98.0% sequence identity) from those previously referred as C. felis strongylus from the Seychelles (AL083) (Fig. 2) . Phylogenetic analysis at cox1 showed a sister relationship with C. felis felis from tropical Australia, Fiji and Hong Kong (Fig. 2) . The cox2 sequence was 100% identical with C. f. felis AL086.1 (from tropical Australia, KF684919) (Fig. 2) .
The single flea collected from the striped grass mouse (RWARO130-1) was morphologically determined as Ctenophthalmus (Ethioctenophthalmus) calceatus cabirus Jordan and Rothschild, 1913 (Fig. 1C) . The DNA sequences (cox1 and cox2) were most closely related to those from Ctenophthalmus spp. (Fig. 2) . Amplification of cox1 was achieved using a combination of LCO1490/MLepR1 and MLepF1/HCO2198 primers. Ctenocephalides and (E, F) Palaeopsylla. Each DNA sequence starts with a GenBank accession number, species name followed by strain identification. The evolutionary history was inferred using the minimum evolution method with bootstrap tests (1000 replicates) shown next to the branches (> 50% shown). The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Kimura 2-parameter method (K2P). [Colour figure can be viewed at wileyonlinelibrary.com]. 
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T A C A T T A C T C G G T Fig. 3 . Multiple sequence alignment of citrate synthase (gltA) of Rickettsia felis and R. felis-like sequences. The nucleotide sequence alignment shows only variable sites. Each variable residue is numbered according to the 654-nt fragment amplified using nested polymerase chain reaction within the primers gltA-F2 (S0661) and gltA-R2 (S0662). Note that there is only a single variable site 292 between Rickettsia asembonensis and R. felis-like RF2125 sequences. All the variable sites do not change the amino acids (synonymous mutations). Each DNA sequence starts with a GenBank accession number and species name followed by strain in brackets. [Colour figure can be viewed at wileyonlinelibrary.com].
Duplicate diagnostic multiplex real-time PCRs, targeting Bartonella and Rickettsia spp. genes, detected a Bartonella signal in one (4.2%) X. brasiliensis (1/24), but not in the Ct. calceatus cabirus (n = 1) and C. felis strongylus (n = 3). Rickettsia was detected in all (100%) C. felis strongylus (n = 3), but in neither X. brasiliensis (n = 24) or Ct. calceatus cabirus (n = 1) (Table S2 ). Initially, after duplicate real-time PCRs, the single positive RWARO124-1 sample was considered a suspect positive for Bartonella because both PCR runs yielded Ct values of > 38. Sequencing of the Bartonella suspect sample demonstrated the presence of a specific unambiguous ssrA (253-nt) sequence that confirmed 100% identity with Bartonella tribocorum (KT355808). Sequencing of the rickettsial gltA (612-nt) confirmed 100% identity with Rickettsia asembonensis (isolate F30 from Kenya, JN315968) and close sequence identity (98.5%, 603/612-nt) with R. felis (CP000053) (Fig. 3) . Sequencing of the rickettsial ompA (428-nt) confirmed 100% identity with R. asembonensis (isolate F82 from Kenya, JN315977), and close sequence identity (96.7%, 414/428-nt) with R. felis (CP000053).
Discussion
Very limited information exists about the flea fauna in Rwanda, despite intensive studies in neighbouring Burundi, Uganda and the Democratic Republic of Congo (Beaucournu, 2004 ). In the current study, the most frequently encountered flea on rodents in the vicinity of Volcanoes National Park in Rwanda was the rat flea, X. brasiliensis. Xenopsylla brasiliensis is widespread in Africa where R. rattus is present, even at high altitudes such as that of the present study site (2500 m a.s.l.) (Hopkins, 1947; Beaucournu & Rahm, 1978) . There is real potential for the transmission of flea-borne pathogens to humans as fleas were collected from rodents captured inside or near household dwellings or huts. Additionally, X. brasiliensis is one of the major vectors of plague, caused by Y. pestis, in East Africa (Amatre et al., 2009) .
The presence of Bartonella bacteria in X. brasiliensis collected on R. rattus in this study confirms its circulation in wild rodents in the region. A study from the Democratic Republic of Congo and Tanzania demonstrated that 13% and 41%, respectively, of captured rodents were infected with Bartonella spp. (Gundi et al., 2012) . The potential likelihood of transmission to humans is increased by the preferential presence of X. brasiliensis on rats living in hut roofs or walls (Guiguen et al., 1980) . Bartonella spp. are facultative intracellular bacterial parasites infecting humans, and wild and domestic animals (Breitschwerdt et al., 2010) . The species detected here is B. tribocorum, originally isolated from the blood of wild rats in France, but later confirmed to have a cosmopolitan distribution (Heller et al., 1998; Jiyipong et al., 2012; Nasereddin et al., 2014; Martin-Alonso et al., 2016) . It is currently considered zoonotic and has been suggested as the cause of undifferentiated chronic illness in humans following tick bites (Vayssier-Taussat et al., 2016) .
The presence of feral and free-roaming dogs represents a disease threat to local wildlife, including mountain gorillas, in the Volcanoes National Park (JN, unpublished data, 2018) . Only the African cat flea, C. felis strongylus, was identified on dogs examined in this study. The cat flea, C. felis, is a ubiquitous flea with a worldwide distribution, and is not host-specific (Clark et al., 2018) . In some instances, C. felis strongylus in East Africa can become the dominant flea on humans and replace the human flea, Pulex irritans (Siphonaptera: Pulicidae) (Beaucournu & Rahm, 1978) . At both mtDNA genes, C. felis strongylus from Rwanda was not monophyletic with C. felis strongylus from Seychelles (Lawrence et al., 2014) . A wider sampling across Africa is required to better understand the validity of the taxon (C. felis strongylus). At present, the name 'C. felis strongylus' is retained for species matching such morphology within tropical Africa (Hopkins, 1947; Hopkins & Rothschild, 1953) .
The African cat flea, C. felis strongylus, carried DNA matching R. asembonensis NMRCii T . Rickettsia asembonensis NMRCii T was first isolated from fleas collected from dogs in the Asembo division of Siaya County, western Kenya, identified as C. felis and genotyped at cox2 (Luce-Fedrow et al., 2015; Maina et al., 2016) . This C. felis cox2 sequence was not submitted to GenBank, but it was noted to be 100% identical to C. felis AL086.1 cox2 (KF684919), which also matched the C. felis strongylus genotyped at cox2 in this study. Despite being identical at cox2, the C. felis AL086.1 (KF684897) is distinct from the C. felis strongylus from Rwanda at cox1. Considering the geographical context, it is likely that the Kenyan C. felis is identical to or closely related to the C. felis identified in this study. The pathogenic Rickettsia species are Gram-negative, obligate intracellular bacteria belonging to the order Rickettsiales (Brown & Macaluso, 2016) . Rickettsia asembonensis is a recently discovered R. felis-like bacterium, genetically related to R. felis (the causative agent of flea-borne illness), as well as the previously recognized Rickettsia sp. RF2125, with a cosmopolitan distribution (Maina et al., 2016) . The pathogenicity of R. asembonensis is currently unknown.
The only flea found on the striped grass mouse, L. striatus, belonged to the widespread genus Ctenophthalmus, specifically Ct. (Ethioctenophthalmus) calceatus cabirus, and was the most widely distributed African species (Hopkins, 1947) . It was originally considered a distinct species (Ctenophthalmus cabirus), but it is now classified as a subspecies of Ctenophthalmus calceatus (Hopkins, 1947; Hopkins & Rothschild, 1953; Beaucournu, 2004 ). This species is considered abundant, particularly on rodents in the genera Lophuromys and Lemniscomys (both: Rodentia: Muridae) (Beaucournu, 2004) . Its known distribution includes Kenya, Uganda, Tanzania, Malawi, Zambia, eastern Democratic Republic of Congo and now also Rwanda. This flea is distributed in high-altitude habitats as demonstrated by the samples collected at 2500 m a.s.l. in the present study, eclipsing the upper range of 900-2400 m a.s.l. indicated by Hopkins (1947) . The mtDNA sequences (cox1, cox2) represent the first such sequences from the African continent for Ctenophthalmus (subgenus Ethioctenophthalmus) and indicate a sister group to the Northern Hemisphere species (Zhu et al., 2015) .
The present work contributes to and complements studies elucidating the distribution of vector-borne disease and, in particular, the role of fleas in sub-Saharan Africa (Beaucournu, 2004; Sackal et al., 2008; Oguge et al., 2009; Laudisoit et al., 2011; Gundi et al., 2012; Mediannikov et al., 2012; Jiang et al., 2013; Keita et al., 2013; Leulmi et al., 2014) . Recently, the flea-borne R. felis was considered a common cause of fever in sub-Saharan Africa (Parola, 2011; Mediannikov et al., 2013; Brown & Macaluso, 2016) . A better understanding of R. felis-like organisms (such R. asembonensis) and their associations with human febrile illness is required to resolve the zoonotic importance of these flea-borne organisms. Flea-borne infectious agents such as Bartonella spp. and Rickettsia spp. require systematic monitoring in both rural and urban areas with the aim of identifying likely reservoirs in the epidemiological context of high-density housing and the ubiquitous presence of synanthropic rodents in central sub-Saharan Africa.
Supporting Information
Additional supporting information may be found online in the Supporting Information section at the end of the article. Table S1 . Summary of fleas collected from Rwanda. 
